Natural systems retain significant advantages over engineered systems in many aspects, including size and versatility. In this research, we develop a hybrid robotic system using American (Periplaneta americana) and discoid (Blaberus discoidalis) cockroaches that uses the natural locomotion and robustness of the insect. A tethered control system was firstly characterized using American cockroaches, wherein implanted electrodes were used to apply an electrical stimulus to the prothoracic ganglia. Using this approach, larger discoid cockroaches were engineered into a remotely controlled hybrid robotic system. Locomotion control was achieved through electrical stimulation of the prothoracic ganglia, via a remotely operated backpack system and implanted electrodes. The backpack consisted of a microcontroller with integrated transceiver protocol, and a rechargeable battery. The hybrid discoid roach was able to walk, and turn in response to an electrical stimulus to its nervous system with high repeatability of 60%.
Introduction
The development of autonomous robotic systems has been of great interest to scientific and engineering communities [1] [2] [3] . Researchers have studied the rapid and agile locomotion that is commonly performed by different animals, particularly insects, as models for robotic systems [1, [4] [5] [6] [7] . By mimicking the control mechanisms and physical structures of natural biological systems, engineers are able to design mechanical robotic systems to optimize their performance [2, 8, 9] . Hybrid robotic systems using insects have attracted particular attention in recent years [10, 11] . The goal of those studies has been to remotely control insects with the purpose of taking advantage of their natural movements [2, 8, 9, 12] . However, establishing efficient control of the natural leg movements of living insects has proven to be a difficult task [10, 13, 14] . One of the effective approaches was used by Holzer & Shimoyama [6] , who observed the reaction of living insects to electrical stimulation. Through the use of controlled electrical stimulation applied to a cockroach's nervous system, the researchers observed reactions similar to those seen under natural conditions in the roach while in the presence of a predator. A backpack system was thus developed to generate electrical stimuli transmitted through wires implanted in the antennal sockets of a cockroach. Using this method, researchers were able to obtain some level of control of walking direction by taking advantage of the roach's natural tendency to move away from sensory data received through their antennae [15] . However, reduced responsiveness was observed as the roach appeared to become habituated to the stimuli. Habituation is a problem as the tissue often becomes less responsive over time, and the roach learns to ignore artificial stimuli [5, 12, 15, 16] . Studies have been performed to understand and alleviate the tissue trauma when using neuro-stimulators [5, 16, 17] . To date, new materials and electronic systems have provided new interest for alternative methods. A better level of control and response of robotic systems must be developed in order to improve the overall performance of such a system. We report the development of a new approach to using electrical stimulus to control cockroaches' movements. Significantly improved repeatability and consistency in response were achieved.
In order to effectively control the movements of a cockroach through electrical stimulation, it was clearly necessary to understand the complex behaviour of the nervous system of the roach, including stimulation of ganglia and motor neurons [18, 19] . We have recently studied cockroach control mechanisms through in vivo and in vitro antennae and cerci stimulation with American cockroaches [11, 12] . Those works have successfully demonstrated that antenna, antennal sockets and cerci stimulation are viable means of control but they are not as effective as previously found [5, 6, 15] . Furthermore, in all reported cases it was shown that the test roaches become conditioned to the stimuli and begin to ignore the sensory feedback after a few trials. Locomotion control will last only for short periods of time until it ceases all together [6, 14, 15] . Methods used to control a cockroach through implanting electrodes in antenna sockets essentially work by tricking the roach into 'sensing' an obstruction which it then tries to move away from. Stimulating the right antenna, the roach will 'think' an object or a threat is present on its right side and attempt to move away from it to the left. It is worth noting that prior research has also shown that cockroaches can be conditioned to trail certain odours, and thus the antennae seem to be highly susceptible to conditioning [11] . That is, the roach will tend to ignore sensory feedback from the antenna based on information gathered from other senses. This is the primary limitation to stimulating sensory channels such as antenna and cerci; the stimulation can only trick the roach for so long until it learns to ignore it. In the current study, a novel approach of locomotion control through ganglia stimulation was accomplished through precise placement of electrodes and manipulation of electrical signals applied to the nervous system. Directly stimulating the nervous system allows for more direct control of the cockroach's natural movements and eliminates the issue of conditioned behaviour. Electrical signals were delivered through a wireless electronic backpack attached to the cockroach, allowing for remote control of locomotion. Stimulating certain ganglia will affect the legs attached to a particular segment of the roach. As the roach walks or runs, its normal gait may be disrupted by applying an electrical signal to a particular nerve cluster. The stimulation will cause a particular leg to become out of phase with the normal gait, thereby causing a turning motion in a desired direction.
Hybrid robotic systems have significant advantages over conventional engineered robotic systems. Hybrid systems using living insects that are small, have an efficient sensory system, and respond to their environments through multiple feedback channels. Such living systems can be self-powered through in-taking water, air and food. These hybrid robots utilize the behaviours of insects combined with electronics, and can be used in many applications where conventional robots cannot be efficiently employed. Hybrid insect robots are expected to enable new advances in deployment, search and rescue, and information gathering operations. They will benefit areas such as homeland security, emergency services, construction and mining. The uniqueness of this research is in the integration of robotic systems with a living organism as a platform. The knowledge gained will be used to integrate the two systems, resulting in a controllable hybrid robot that maintains the unique attributes of a living and responsive biological system.
Results
The backpack used for wireless control consisted of a small printed circuit board (PCB), wire electrodes and a rechargeable lithium polymer battery. The low profile circuit board weighs 1.4 g and is 16.5 mm square. The circuit board contained small female header pins for insertion of the electrodes. A rechargeable lithium polymer battery (3.7 V, 50 mAh) was used as the power source and weighed 1.5 g. The entire system (circuit board with electronic components, battery, connecting wires and implant electrodes), weighed approximately 3.0 g. The complete backpack system can be seen placed on a discoid cockroach in figure 1 .
Tethered and remote-controlled experiments were recorded using an overhead digital camera. The resulting locomotion of the cockroaches was then analysed using imaging software to obtain the consistency in response, and to plot the path taken for an initiated turn. Figure 2 illustrates a typical left initiated turn for a tethered American cockroach. For any given experiment, the cockroach will tend to move in various directions and at various angles along its walking path. Therefore, only the initial movements after the applied stimulation was measured and used as a baseline for the remote-controlled experiments. The initial turning movements were quantified by superimposing an axis with the origin at the roach's start position, then mapping out its movements at 0.5 s intervals in the lateral and vertical directions. The turning radius was determined by superimposing a circle that best fit the initial curvature of the path. The measurement process is illustrated in figure 2 . The controllability of a roach, in terms of success rate, was subjectively rated based on user observation. If the user was able to successfully have the cockroach turn in a desired direction, then a run was deemed successful. Numerous successful runs dictated a roach that exhibited consistent responses.
The turning radii results for the tethered experiments involving the American cockroaches can be seen in figures 3 and 4. For these trials, 10 cockroaches were stimulated to turn 10 times to the left and 10 times to the right, for a total of 20 trials. The average testing time for all roaches was approximately 45 min to complete each trial. This time does not reflect time of consistency in response, but the time required to collect the 20 data points. Each roach was allowed to rest for at least 2 min between each trial. The purpose of the tethered experiments was to gain a better understanding of the electrical signal characteristics that were necessary for optimum control. Figure 3 shows the turning radius after applying a 1 V, monopolar signal, a signal with a stable state of 0 V and a varying state of higher voltage, to the cockroach ganglia at increasing frequencies. The results show that the turning radius decreases (i.e. sharper turns) as the frequency of the input signal increases. Based on these results, an investigation was carried out on the frequency that elicited the sharpest turning radius, 20 Hz. Figure 4 shows the turning radius after applying a 20 Hz signal at increasing voltage. The results show that the turning radius decreases as the voltage increases. However, stimulation frequency appeared to be the more effective control parameter than that of input voltage. The output signal can be set at a constant low voltage (1 V), which will reduce power consumption and increase the life of the electronic backpack. This trend coincides with results obtained in our previous studies involving American cockroaches walking on a trackball system [12] . The overall success rate of initiating and sustaining a turn in a desired direction (i.e. left or right turns) was approximately 70%. The remaining 30% of trials were unsuccessful in regard to roaches not moving when stimulated, turning in the wrong direction or moving without turning in either direction. The signal characteristics of the tethered study were then applied to the remote-controlled experiments using the larger discoid cockroach. A constant input voltage was chosen, while the stimulation frequency was chosen by the user during the course of a trial. The signal used was 2.5 V, and a frequency range of 1-20 Hz was implemented in order to obtain an optimum turning during each trial. Using this methodology, a roach should make sharper turns at higher frequency stimulation, and wider turns at lower frequencies. Discoid cockroaches, with an electronic backpack attached were allowed to walk/run freely while a researcher attempted to control the directionality of its movements. A total of three users were given an opportunity to control a tethered and a remote cockroach over the course of this study. Controllability was determined by how well the user was able to initiate a turn in the cockroach as it walked or ran across the floor. The goal of these experiments was to test the responsiveness of the roaches to the varied electrical stimulus. Applying a controlled electrical stimulus to the pro-ganglion elicits movement in the first set of legs in the roach. This will cause the contralateral leg to become out of phase with the normal gait of the roach, which will initiate a turning motion. Stimulating the right side of the ganglion initiated turning to the left direction by the cockroach. Similarly, left side stimulation initiated turning to the right direction. In addition, it was found that any monostable signal above 2 V applied for a long period will cause the cockroach to stop walking or running. Application of another asymmetric signal will re-initiate movement. All test trials were recorded by an overhead digital camera, and later evaluated with imaging software. The researcher operating the controls attempted to manoeuvre the cockroach left and right during any given test. A total of 20 trials were performed on each roach, attempting to induce 10 left turns and 10 right turns. The goal of each trial was to make the roach turn into a pre-determined area on the right or left side of a central axis. Controlling the roach to turn into this area, regardless of path taken, signified a successful trial. The maximum area seen by the overhead camera was marked off with tape to act as a bounding box for the experiments. No other form of indicator was used within the experimental area so as to not influence the roach's movements. At the start of each trial, a researcher would place the roach towards the bottom of the test area, and close to the centre line. He would then attempt to control the roach to turn into a pre-designated area. This area is a 75 mm circle that is centred approximately 200 mm lateral and 300 mm vertical to the roach's initial position. This is an arbitrary area and was physically marked by the researchers using small blocks placed on the outside of the testing area. A trial was deemed successful if the roach was controlled to move into this area. A trial was determined to be unsuccessful if a roach did not move when a stimulus was applied, not turning in the intended direction, or moving forward without turning. Each roach was allowed to rest for 3 min between trials, and then made to turn in the opposite direction of the previous trial. Since each roach behaved differently during testing, the total experiment for each roach took an average of 1 h. The path taken by a roach for each trial was then mapped out using imaging software to superimpose an axis at the start position and measuring locations at 0.5 s intervals. The initial response time, and the average speed for each run were also determined. The general test set-up and methodology for mapping the path taken by each roach is shown in figure 5 . Figures 6 and 7 show the path lines for one roach (R1) turning left and right, along with the initial response times and average speed for each trial. The paths taken by this roach over the numerous trials are varied in pattern, which was similarly observed for all the roaches. Likewise, the amount of time that it takes for the roach to respond to the initial stimulus at the start of the tests tends to increase over the number of trials. The reduced responsiveness over time was observed for all roaches tested. However, the average speed of the roach over the numerous trials did not exhibit a trend. The velocity for all roaches was varied, and each roach had varied velocities over all trials. The overall success rate using the remote backpack system was approximately 60%, meaning that the researcher was able to control the roach into the designated area six times out of 10. The success rate for each of the roaches tested can be seen in figure 8 , with R1 being the roach whose path lines are plotted in figures 6 and 7. It was observed that each of the roaches remained responsive throughout the course of the hour-long experiment. Statistically, controlling a roach to turn left had a higher success rate than turning right (63% + 4.8 versus 56% + 15.0).
Once the 20 trials were completed, approximately 1 h, the operator would continue to attempt to control the roach in various directions and to follow various paths. It was observed that over time, the roaches tended to become fatigued and would become unresponsive. The fatigue was brought about by the excessive locomotion of the roach and the repeated electrical stimulation. After a brief 10 min rest period, the roach was able to be controlled again. A roach could typically be controlled for time periods ranging from 30 min to 1 h beyond the initial 1 h experiment. Therefore, using the methodology presented here, a cockroach can be controlled for up to 2 h. Once initial experimentation was completed, the roach was placed back with the colony and not tested again. Future work will include experimentation with the same roach over different time periods to establish longevity. One factor for loss of control was the electrodes shifting out of position owing to the movement of the roach or shifting of the backpack. This minor issue can be alleviated through use of stronger adhesives at the pronotum-electrode interface. The other cause for control loss was the loss of power provided by the battery. This issue can be resolved using a higher capacity battery.
Discussion
The success rate of directionality control for tethered experiments was higher than that of remote control; 70% versus 60%. Several factors can explain this disparity: first, the added weight of the electronic backpack and battery will ultimately cause fatigue in the cockroach and cause it to be less responsive over time; second, when the roach is allowed to move freely there is a greater chance for the electrodes to slip out of position; third, the output signal provided by the system-on-chip will tend to degrade as the battery loses power; and finally, human error in control will lead to a reduced reliability. Based on information from the tethered experiments, improvements need to be made to the backpack in order to increase reliability in remote-controlled experiments. The backpack will need to be lighter, with a more efficient power source to output a consistent signal for longer periods of time.
During the course of experimentation, it was noted that left turning in both roach species was much easier to initiate than the right in both tethered and remote-controlled cases. This phenomenon further supports our earlier research asserting that roaches tend to move more frequently toward a left direction and are thus 'left-handed' [11] . It was clear from those tests that the locomotion of roaches was contralateral to antenna stimulation, yet turning to one side tended to be easier than the other, regardless of antenna removal [2, 11] . In addition, the discoid cockroaches will tend to run at a relatively fast speed when first stimulated. Over time, they tend to walk more slowly and thus become easier to control. However, the consistency in response is ultimately based on the skill of the user controlling the roach. Our experience with these and prior experiments indicates that adult female discoid cockroaches had the highest rate of control. Thus, all tests presented were conducted using female roaches. Larger roaches were preferable, as the current backpack system is large. Next generation systems should be small enough to accommodate smaller animals, such as the American cockroach. Based on our own investigation using blank circuit board material, the American cockroach can best accommodate a 10 mm square circuit board. The wings and body of American cockroaches are not as robust as the discoid, and thus cannot support a payload with a large area. The new system will need to be streamlined to better conform to the back of the smaller roach. In addition, adult American cockroaches can comfortably carry 2 g of payload (approx. 10% of body weight) for at least 2 h. In regard to weight, the limiting factor is the power source. The current battery weighs 1.5 g, which will need to be changed for nextgeneration systems. However, the current battery may be used if the weight of the circuit board and electronic components can be drastically reduced. Aside from minimizing the area, the use of a flexible polymer circuit board material may be beneficial; it will lighten the system and allow it to better conform to the curvature of the roach's body.
Conclusion
A hybrid robotic, remotely controlled cockroach was developed using precise neural stimulation. Neuron interfacing and locomotion control was investigated and successfully implemented in the control of American and discoid cockroaches. The effective control responses were observed when implanting the electrodes inside the area of nerve bundles of the pro-ganglion (ganglion of the first thoracic segment). Stimulating this area with electrical pulses elicit movement in the first set of legs, causing the contralateral leg to become out of phase with the normal gait of the roach. The application of a high frequency, low voltage signal to the left or right sides of the thoracic ganglion of a cockroach will elicit locomotion in the opposite direction of stimulation. Through the control of the input signal using a transmitter, a user can control the locomotion of the discoid cockroach with high repeatability. The work presented herein reports advancement in more precise control of hybrid insects through direct neural stimulation, and opens new research windows for future development using these novel approaches.
Future work
Based on the results obtained during the remote-controlled trials, it was clear that a feedback control scheme would be required for more consistency in response of the roach. The current system requires visual feedback from the operator in order to apply the necessary pulse characteristics to control the roach's turning behaviour. This method requires the operator to have extensive experience, as well as constant visual contact with the roach. However, in a real-world situation the deployment of a hybrid roach would not be under ideal laboratory conditions. Therefore, future improvements to our backpack will include onboard sensors that can relay the locomotion behaviour of the roach without having to see its movements. These sensors may include: on-board compass, accelerometer and GPS. Our current backpack system is fully capable of integrating these types of sensors. Based on the sensor feedback, the controller will be programmed to automatically apply the necessary electrical stimulus to elicit turning in a particular direction. This will eliminate user error, and make consistency in response more reliable. Other sensors may also be integrated into the roach backpack that can relay important information about the environment such as temperature, humidity and ambient gases.
Material and methods

Insect selection
Adult American and discoid roaches (Periplaneta Americana and Blaberus discoidalis, respectively) were used in this research. They were reared in plastic containers kept in a dedicated laboratory, which was maintained at a constant temperature of 258C and 65% relative humidity, in a 12 h alternating light cycle. The insects were provided with water, and fed with dog food ad libitum. The American cockroaches were first studied in order to obtain a basic knowledge of the required stimulation signals for effective locomotion control. American cockroaches (length: 32-35 mm; width: 7-8 mm; mean weight: 6 g) were chosen for this task due to their high availability and resistance, which allowed for numerous testing trials. Even though they are slow walkers, discoid cockroaches were later chosen to test the remote control backpack experiments owing to their larger size (length: 40-43 mm; width: 9-11; mean weight: 7.6 g) which allows for better manipulation of the on-board electronic system. Besides, these bigger roaches are also able to carry larger payloads than American cockroaches. Female roaches are typically larger than male roaches. In addition, rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141363 preliminary experiments showed that female roaches had a higher rate of control. Thus, only adult female discoid roaches were used in this study.
Insect's neuroanatomy and signal application
Neuro-anatomical targets were established and simple wire microelectrodes were used to build a neural interface. The first set of experiments were conducted using a tethered insect (American cockroach) in order to obtain stimulation parameters functioned with sufficient reliability. Previous studies done by our group using a tethered American cockroach, with amputated antennae to avoid or diminish other sensory inputs, on a trackball system were conducted, showing a detailed description of the experimental set-up and test results [12] . In summary, American cockroaches were affixed to a stationary platform and made to run on a trackball system after being neurally stimulated. The electrodes used in that study were copper and silver wires, and the output signals were precisely controlled through LabView software. The trackball experiments aimed to determine the optimum stimulation signal for continual control, as well as monitor the physical behaviour of the roach over time as it was repeatedly stimulated. This study gave further insight into the proper placement of electrodes and the optimum stimulation signal for more accurate turning control of the cockroach. The major finding of this study showed that the cockroach's walking and turning behaviour can be initiated by asymmetric electrical potential pulses to the prothoracic ganglion with a success rate of approximately 72%, while previous studies (ours and by other researchers) using electric pulses through the antennal sockets had success rates not larger than 50% [6, 12] . In this study, a similar approach was undertaken using free-walking American and discoid cockroaches for remote control, but contrary to our previous research, the antennae of the roaches (American and discoid) were not amputated. Copper wire electrodes were precisely inserted into the prothoracic ganglion and stimulated using various electrical signals.
Throughout the course of this study, the general area of nerves in the ganglia influencing leg movements was identified. As previously mentioned, ganglia of the three thoracic segments ( pro-, meso-and metathorax) and the bundles of nerves in contact with leg muscles and wings were studied. This investigation established a map of the various functions responsible for each segment. Figure 9 schematically illustrates the mapping of ganglia, nervous cords and nerve bundles in contact with leg and wing muscles. In general, the nerve bundles located in a particular thoracic segment are responsible for the control of the pair of legs from that segment [14, 19, 20] . When the pulsed patterns of the electrical signal are sent to the prothoracic ganglion, the locomotion command for the first set of legs will be most affected. The leg located on the side of the stimulation will become out of phase with the contralateral leg on the same segment, therefore, affecting the normal gait of the roach. The stimulated leg will push more toward the side of the roach, thus causing the roach to turn in the opposite direction. Figure 10 illustrates the insertion of electrodes into the prothoracic ganglia of a cockroach. The information gained from the study of American cockroaches was then applied to the larger discoid cockroach, to implement a remotely operated stimulation system. In this study, copper electrodes were chosen as they are readily available and were shown to be electro-chemically responsive to nerve tissue. Studies have shown that over time, tissue and bodily fluids will encapsulate the surface of the electrodes and impede electron flow [12, 16] . However, given the 1-h time frame of the experiments, the encapsulation will not be severe as to reduce electrode performance. More effective electrode materials are currently being investigated.
Hybrid system integration
Prior to the electrode implantation and backpack placement, discoid cockroaches were anaesthetized using carbon dioxide for 10-15 s. Next, a cotton swap soaked in acetone was used to carefully remove the thin layer of wax on the pronotum and top wings [21] . White correction fluid was then used to secure the wings in place, in preparation for backpack's attachment. White correction fluid has been used extensively in this and prior studies because it is solvent based and not inhibited by the residual wax coating of the cockroach exoskeleton. In addition, it is easy to apply, quick drying, and once a test is complete it will flake off the roach in just a few days. The tip of a 0.35 mm diameter stainless steel acupuncture needle was then used to puncture two small holes into the pro-thorax; just above the location of the left and right side of the prothoracic ganglion. Each hole will receive two electrodes, a positive and a negative. The electrodes consisted of 0.08 mm, enamel coated, copper wires. Prior to implantation, two strands of wire glued together using a thin layer of cyanoacrylate. A small amount of the enamel coating was then removed from the tips of both wires, ensuring that they did not short the circuit. The opposite ends of the electrodes were then connected to the RF circuit board; one wire from each pair connected to a separate output channel, while the two others were connected to the common ground. The circuit board, with electrodes and battery connected, was then attached to the top surface of the wings using white correction fluid. A thin piece of wax film (0.5 mm wide, 6 mm long and thickness , 0.12 mm) was then wrapped over the circuit board and around the cockroach's body for more secure attachment. The wax film was placed in a way that did not affect the natural walking movements of the cockroach. The two pairs of electrodes were then carefully placed inside the two puncture holes made earlier in the pronotum. The electrodes were inserted deep enough for the exposed region to lie within the central area of the ganglia on either side. The exact placement of the electrode pairs was chosen and determined through prior experimentation and the overall experience of the researcher performing the implantation [12, 16] . Once each electrode pair was placed, a small drop of white correction fluid was used to secure them to the cuticle where they entered the cockroach's body and also to avoid the roaches losing internal fluids. Figure 1 shows a discoid cockroach with electronic backpack, battery and electrodes attached. The entire preparation process took an average of 2 min to complete and was accomplished before the roach was able to recover from the initial anaesthetization.
For the tethered experiments involving American cockroaches, a similar preparation process was conducted. In these experiments, no backpack was placed so there was no need to secure the wings. Also the tip of a 0.35 mm diameter stainless steel acupuncture needle was used to puncture two holes into the pronotum above the left and right portions of the prothoracic ganglia. Similar to the discoid cockroach's preparation, two sets of electrodes were carefully inserted into the holes. The electrodes were prepared the same way as mentioned above. White correction fluid was then used to secure the electrodes in place. Since the roaches were allowed to roam freely in these experiments, a piece of thread was used to secure them to an overhead fixture. This allowed the roaches to walk within a specified radius and helped to prevent the electrodes from being pulled out as they walked. The thread was affixed to the pronotum using a small drop of bees wax. The entire preparation process took approximately 2 min to complete and was again achieved before the roach could fully awaken from the CO 2 treatment.
Radio-controlled stimulation system
The remote system design is similar to the one designed by UC Berkeley for experiments involving remote flight control of beetles [10] . The system-on-chip system was based on the CC2531 by Texas Instruments. This microcontroller system has 21 general purpose I/O pins and an integrated Zigbee wireless protocol. For this research, only two I/O pins were used; one for each stimulation site. Future versions of the system will be able to use more channels for sensor feedback applications. The user was able to send right and left turn commands by pressing buttons located on a transmitter. The receiver on the backpack then delivered the desired stimulus to the cockroach through the implanted electrodes. For this research, the output signal generated by the backpack was set as a þ2.5 V (DC monopolar) pulse. The duration and the frequency of the pulse were determined by the length of time in which the button on the transmitter was depressed. This allowed for optimum control by the user. Releasing the button would then cease the output signal. The characteristics of the output signal were determined through experimentation. As the cockroach moved along the floor, the user would apply an electrical signal in an attempt to make it turn left or right. Controlling a free-roaming cockroach proved to be less predictable than controlling one while tethered. As such, the stimulation frequency necessary to initiate a turn with a particular turning radius will vary from roach to roach, as well as the duration of the test due to the roach becoming fatigued. The duration and frequency of stimulation was determined through visual feedback of the user. For example, if the roach did not turn with a short signal at a low frequency, a longer signal at a higher frequency was applied in an attempt to make it turn. Likewise, if the roach turned at a larger radius than expected, the stimulation would be adjusted accordingly. 
Video of cockroach control
A brief video of a cockroach being remotely controlled can be seen in electronic supplementary material, video S1. In the video, a single operator controls the same roach to demonstrate the robustness of our approach. For purposes of clarification, two LEDs were added to the electronic backpack in order to indicate the intended control direction; the green LED indicates stimulation on the left side of the ganglion thereby initiating a right turn, likewise the blue LED indicates stimulation on the right side to initiate a left turn. The video shows the operator using visual feedback to determine how and when to stimulate the cockroach to control its locomotion in a desired direction. The cockroach in the video displayed a high level of control, at about 65% for the duration of the trials. Overall, the cockroach was able to be controlled for 1 h and was given three 5-min rest periods in-between.
